Abstract Oil depots along products pipelines are important components of the pipeline transportation system and down-stream markets. The operating costs of oil depots account for a large proportion of the total system's operating costs. Meanwhile, oil depots and pipelines form an entire system, and each operation in a single oil depot may have influence on others. It is a tough job to make a scheduling plan when considering the factors of delivering contaminated oil and batches migration. So far, studies simultaneously considering operating constraints and contaminated oil issues are rare. Aiming at making a scheduling plan with the lowest operating costs, the paper establishes a mixed-integer linear programming model, considering a sequence of operations, such as delivery, export, blending, fractionating and exchanging operations, and batch property differences of the same oil as well as influence of batch migration on contaminated volume. Moreover, the paper verifies the linear relationship between oil concentration and blending capability by mathematical deduction. Finally, the model is successfully applied to one of the product pipelines in China and proved to be practical.
List of symbols
Sets and indices 8i 2 I ¼ f1; . . .; i max g
The set of the numbers of stations in the system, i max denotes the maximum number of stations 8j 2 J ¼ f1; . . .; j max g
The set of the numbers of all kinds of contaminated oil in the system, 1 denotes high gasoline-cut contaminated oil, j max ¼ 2, in this work, denotes high diesel-cut contaminated oil 8c 2 C ¼ f1; 2; . . .; c max g
The set of the numbers of all kinds of oil in the system, c max denotes the maximum number of oil types 8gm 2 Gm i;j ¼ f1; 2; . . .; mm i;j g The set of the numbers of contaminated oil j tanks at station i, mm i;j denotes the maximum number of those oil tanks 8go 2 Go i;c ¼ f1; 2; . . .; mo i;c g
The set of the numbers of oil c tanks at station i, mo i;c denotes the maximum number of those oil tanks 8t 2 T ¼ f1; 2; . . .; t max g
The set of the numbers of all time nodes sorted in order in the study horizon, t max denotes the maximum number of time nodes Tdy i;j;km
The set of the numbers of time nodes during batch km's contaminated oil j crossing over station i Tdn i;j
The set of the numbers of time nodes during contaminated oil j not crossing over station i Toy i;kd
The set of the numbers of time nodes during station i delivering oil at first kd times Ton i;c
The set of the numbers of time nodes during station i not delivering oil c Tey i;kt
The set of the numbers of time nodes during station i exporting oil at first kt times
Ten i
The set of the numbers of time nodes during station i not exporting oil 8p 2 P The set of the numbers of sections after linearizing Austin's formula 8b 2 B
The set of the numbers of the volume divided in sections 8kd 2 KD i
The set of the times of station i delivering oil 8kt 2 KT i
The set of the times of station i exporting oil 8km 2 KM i
The set of the times of contaminated oil batches crossing station i 8ks 2 KS i
The set of the times of station i in maintenances
Continuous parameters k 1j
The cost of blending contaminated oil j per unit volume k 2j
The cost of fractionating oil j per unit volume
The operating cost of oil tanks and contaminated oil tanks a max
The maximum ratio of delivering volume of contaminated oil and the volume of oil existed Qg t i
The flow arriving at station i through pipeline at time node t, m 3 /h Qmd min
The minimum delivering flow of contaminated oil, m 3 /h Qmh min
The minimum flow of blending operation, m 3 /h Qfax i
The maximum flow of fractionation operation at station i Qfin i
The minimum flow of fractionation operation at station i Voy i;c;kd
The volume of oil c at station i at first kd times Vay i;c;kd;j The total blending capacity of oil c per unit volume, delivered at station i at first kd times, to blend contaminated oil j, m 3 bin j The minimum value of blending capacity of total oil per unit volume in study system to blend contaminated oil j, m 3 bax j The maximum value of blending capacity of total oil per unit volume in study system to blend contaminated oil j, m The calculated equivalent of contaminated oil batches length at p linear section during the contaminated oil arriving at station i at first km times Lma p
The upper limit of contaminated oil at p linear section calculated by Austin's formula, m Lmi p
The lower limit of contaminated oil at p linear section calculated by Austin's formula, m Voma b
The upper limit of the volume in section b, m
Vomi b
The lower limit of the volume in section b, m 3 Lmg i;km The predicted length of contaminated oil arriving at station i at first km times, m Dsg i;km
The predicted time of contaminated oil crossing over station i at first km times, h sdg i;j;km
The predicted time of the head of total contaminated oil batch arriving at station i at first km times, h scg i;j;km
The predicted time of the end of total contaminated oil batch arriving at station i at first km times, h sodb i;kd
The starting time of delivering oil at station i at first kd times, h sodn i;kd
The ending time of delivering oil at station i at first kd times, h soeb i;kt
The starting time of exporting oil at station i at first kt times, h soen i;kt
The ending time of exporting oil at station i at first kt times, h sosb i;ks
The starting time of maintenance at station i at first ks times, h sosn i;ks
The ending time of maintenance at station i at first ks times, h sb
The starting moment at study horizon, h sn
The ending moment at study horizon, h
Binary parameters ds i;c;kd
The binary variables of delivering oil. If oil c is delivered at station i at first kd times, ds i;kd;c ¼ 1, if not, ds i;kd;c ¼ 0 es i;c;kt
The binary variables of exporting oil. If oil c is exported at station i at first kt times, es i;c;kt ¼ 1, if not, es i;c;kt ¼ 0 mv t i;j;gm
The binary variables of contaminated oil tank's maintenance. If contaminated oil j tank gm at station i needs to be required during moment t to t þ 1, mv t i;j;gm ¼ 1, if not mv t i;j;gm ¼ 0 ov t i;c;go
The binary variables of contaminated oil tank's maintenance. If contaminated oil c tank go at station i needs to be required during time node t to t þ 1, ov t i;c;go ¼ 1, if not, ov t i;c;go ¼ 0 ik j;km
The distinguishing binary variables of the contaminated oil in front. If the contaminated oil j is ahead of others with the contaminated oil at first km times crossing over the station i,ik j;km ¼ 1, if not, ik j;km ¼ 0 ikd t;kd
The distinguishing binary variables of delivering moments. If time node t is in the period of delivering oil at first kd times, ikd t;kd ¼ 1, if not, ikd t;kd ¼ 0 hodb i;kd;t The distinguishing binary variables of the starting moments sorted for delivering oil. All the time nodes are in ascending order, so if the starting moment of delivering oil at station i at first kd times is sorted in first t place, hodb i;kd;t ¼ 1, if not, hodb i;kd;t ¼ 0 hodn i;kd;t The distinguishing binary variables of the ending moments sorted for delivering oil hoeb i;kt;t
The distinguishing binary variables of the starting moments sorted for exporting oil hoen i;kt;t
The distinguishing binary variables of the ending moments sorted for exporting oil hosb i;ks;t
The distinguishing binary variables of the starting moments sorted for maintenance hosn i;ks;t
The distinguishing binary variables of the ending moments sorted for maintenance hmd i;j;km;t The distinguishing binary variables of the starting moments sorted for delivering contaminated oil hmc i;j;km;t The distinguishing binary variables of the ending moments sorted for delivering contaminated oil hsb t
The distinguishing binary variables of the starting moments at study horizon hsn t
The distinguishing binary variables of the ending moments at study horizon
Positive continuous variables Vmd t i;j;gm
The volume of contaminated oil j stocked to tank gm at station i from t to t þ 1, m 3 Vod t i;c;go
The volume of contaminated oil c stocked to tank go at station i from t to t þ 1, m 3 Vmh t i;j;gm;c;go
The volume of contaminated oil j from tank gm at station i blended to tank go with exporting oil from t to t þ 1, m 3 Vat t i;c;go;j
The blending capacity of the exporting oil c from oil tank go at station i to blend contaminated oil j from t to t þ 1, m bbl/d (BP 2014) and pipelines can provide an economic transportation mode for petroleum industries. As a result, in both producing and consuming countries, a large amount of oil products is transported from refineries or wharfs to oil depots through pipelines and then pumped to downstream markets (Li et al. 2015; Liang et al. 2012a) . Oil depots connecting up-stream sources and down-stream markets, play a vital role in the entire transportation system (Duan et al. 2016) . However, it is complex to make a scheduling plan. On the one hand, oil depots have large turn-round volume and complex operations. On the other hand, the delivery of contaminated oil to the down-stream stations is a systematic issue and the operation of each oil depot is interrelated with others. Until now, scheduling plans for most large and dynamic oil depot systems are made by field engineers subjectively and from experience. Therefore, the plans may not be globally optimum and lead to much higher operating costs (Barzin et al. 2015; Mitra et al. 2013) . Based on the systematic optimal theory, a mathematic model in this paper is established to make scheduling plans for oil depots. The results show that the proposed method can improve the accuracy of scheduling, shorten the time of making decision and reduce operating costs.
Related work
Presently, many researchers have devoted themselves to pipeline scheduling, synthetically considering pipeline structure, time representation, modeling types, and solution approaches. The pipeline topological structures include: single source (Cafaro and Cerda 2008; Herrán et al. 2011; Relvas et al. 2009 ), multiple sources , tree-structure pipeline (Cafaro and Cerda 2011; Castro 2010 ; MirHassani and Jahromi 2011) and meshstructure pipeline (Cafaro and Cerda 2012) . The time representation usually includes discrete-time (Zhang et al. 2015) and continuous-time (Zhang et al. 2016b ) representation. The MILP (Rejowski and Pinto 2004) and mixedinteger nonlinear programming (MINLP) (Cafaro et al. 2015b ) models are established and solved by brand and bound algorithms, hybrid computational approach (Zhang et al. 2017) or heuristic algorithms (Rejowski and Pinto 2003) to work out the scheduling scheme. Research on oil depot constraints along pipelines has been focused and the pipeline and depot can be perceived as a whole system through related simplification. Mostafaei and Hadigheh (2014) and Ghaffari-Hadigheh and Mostafaei (2015) solved the scheduling issue with continuous-time representation based on the integration of MILP models, and they took minimum operation costs of the pipeline as the objective to satisfy depot requirements. Cafaro et al. (2015a) solved the same scheduling issue with a continuous-time MILP model which can accelerate the solving speed. The work of Cafaro and Cerda (2010) and MirHassani and BeheshtiAsl (2013) also considered dual purpose depots. Herran et al. (2012) proposed a multi-period MINLP model to optimize the plan to produce and transport multiple petroleum products from a refinery plant to several depots. Cafaro et al. (2015b) considered the pressure loss due to friction along single source pipelines with multiple depots, using nonlinear equations to rigorously track power consumption at each pipeline segment. These pipeline operation scheduling models consider the inventory of depots as a constraint. However, operation costs of each depot tank are not considered in their work.
Meanwhile, the depot operation is too complex to be described by a constraint. Some researchers have paid attention to this issue. Relvas et al. (2006) have considered a system that has a pipeline pumping oil from a refinery to an oil depot. Three different stages are considered in the process: loading from pipeline, performing settling and approving tasks, and unloading for clients. It combines the optimal pipeline schedule with tank inventory management. Relvas et al. (2013) have improved the model and make it easier to determine feasible time intervals or the number of pumping batches. Neiro et al. (2014) focused on the scheduling of an in-line diesel blending and distribution subsystem of an oil refinery, considering crude oil unloading, mixing, and inventory control, production unit scheduling, and finished product blending and shipping. However, these models are not comprehensive enough. In the real world, there are more than three stages in oil tanks. Operation among the oil tanks and operation of oil blending should be considered, and the differences of oil properties should also be taken into account.
When products are transported sequentially in pipelines, contaminated oil cannot be avoided, and it will influence the detailed scheduling (Liang et al. 2012b) . A blending operation is one main method to deal with the contaminated oil.
In previous research, the blending operations were taken into account as an important issue (Kolodziej et al. 2013; Pan and Wang 2006) . Neiro et al. (2006) presented a stochastic multi-period model with two Lagrangian decomposition strategies to represent a petroleum refinery under uncertainty. Shi et al. (2014) presented a MILP discrete-time refinery scheduling model, establishing several controllable and realizable operation modes for production units by unitwide predictive control. And a two-stage Lagrangian decomposition approach was applied to decompose a refinery scheduling problem (Shi et al. 2015) . However, it is difficult to apply these methods above in dealing with scheduling of oil depots considering the special technological constraints for contaminated oil processing.
Contributions of this work
• All the previous studies ignored the differences in the physical properties of different batches of one type of oil. While due to the production parameters, material ratio and other differences, the same type of oil produced at different times will also have differences in physical properties. The paper takes these differences into consideration.
• The paper verifies the linear relationship between contaminated-oil concentration and blending capacity.
• The paper considers the following operations in the oil depot: delivery, export, blending, fractionation and maintenance.
• An approach for dealing with oil depot scheduling problem by MILP models is presented.
• A Chinese case-study, a large scale of oil depot system of a refined oil products pipeline, is under research.
Paper organization
The adopted methodology and details of the mathematical model are given in Sects. 2 and 3 respectively. In Sect. 4 a real case in China is taken as an example, then the detailed scheduling in each oil depot is drawn, and the model's feasibility is verified. Conclusions are provided in Sect. 5.
Methodology 2.1 Issue description
This work mainly focuses on making a schedule scheme with the least cost for transit depots to operate tank switching, contaminated oil delivery, back tail and treatment, under the condition that all the constraints can be satisfied. To deal with the issue, three aspects need to be considered: depot operation, oil blending and contaminated batches.
Operations in oil depots
The transportation mode of product pipelines is multi-batch sequential transportation as shown in Fig. 1 . The products are injected at the initial station and delivered at intermediate oil depots and the terminal depot. The exporting schedules of oil depots will be made according to the demand of down-stream markets. When batches migrate in the pipelines, contaminated oil cannot be avoided due to thermal diffusion and turbulent diffusion and its volume will increase with the migration of the interface between two batches. In actual production, contaminated oil is usually treated in two ways: blending and fractionation. The blending operation means contaminated oil can be blended with the oil in the exporting pipeline according to a certain proportion. Fractionation means contaminated oil is fractionated to qualified oil, and recycled to the oil tank. When a tank needs to be repaired, it is necessary to transfer the oil into other tanks with the same kind of oil in advance. It is called a tank switching operation. All of these operating processes are shown in Fig. 1 . There are three kinds of refined oil products (ROP1, ROP2 and ROP3) and three kinds of contaminated oil (MO1, MO2 and MO3), which are given in different colors. In Fig. 1 
Blending capacity
Compared with the fractionation operation, blending is more effective since it is simpler and more cost-effective. Blending operation can be classified into the following two cases. One is to put the light component oil into the heavy one, and the other the opposite, putting the heavy component oil into the light one. There are a variety of indicators to evaluate the quality of refined products, such as oxidation stability, sulfur content, octane number, ash, copper corrosion, moisture, mechanical impurities, lubricity, kinematic viscosity, pour point, cold filter plugging point, flash point, distillation range, density. The quality of the original oil is no doubt affected by the blending operation. The blending capacity means that maximum volume of contaminated oil can be treated under the premise of ensuring the oil's standard. In actual production, due to production parameters, material ratio and other differences, the same kind of oil produced at different times will also have some differences. In other words, the oil may have different blending capacities. Considering the nonlinear effects of the blending oil on the physical properties and the mixing of different kinds of oils with different physical properties in a tank, the problem is more complex.
In the situation of heavy component oil blended with light contaminated oil, Li et al. (2011) have concluded that flash point is the most sensitive item according to the result of comparing test data with standards' control indexes. With the increase in the proportion of light component oil in heavy oil, flash point decreases faster while other items change insensitively. Furthermore, when flash point becomes unqualified, others can still meet the requirements of the standard. By comparing test data of different mixing ratios with the result solved by each recommended experiential formula, Li et al. (2011) have concluded that the formula (1) agrees well with the experimental results, and the formula (1) can be used to calculate heavy component oil's blending capacity.
where Vg c;j denotes the blending capacity of heavy component oil c per unit volume mixing with contaminated oil j; kg j denotes contaminated oil j's ratio of containing light component oil; Ts c denotes heavy component oil c's flash point; and Ts denotes the lowest flash point allowed.
The experiential formula of calculating contaminated oil's flash point:
where Tsm 1 , Tsm 2 denotes previously respective flash point of two same kinds of oil before mixing; l 1 , l 2 denotes mixing ratio.
If light component contaminated oil is blended into heavy contaminated oil composed of two heavy components oil, the blending capacity of per unit volume of heavy contaminated oil will be:
where Vge c;j denotes the blending capacity of heavy component oil c per unit volume mixing with contaminated oil j calculated by a standard formula. Formula (3) is derived from physical equations, thus it can be used as a standard equation to calculate the blending capacity of contaminated heavy component oil per unit volume mixed with light oil. If blending capacity is calculated by linear sum according to the blending proportion, it can be denoted by formula (4).
where Vgc c;j denotes the blending capacity of heavy component oil c per unit volume mixing with contaminated oil j calculated by linear sum according to the blending proportion. e denotes the differences of formulas (3) and (4). If l 2 ¼ 1 À l 1 , l 1 2 0; 1 ½ is given, e can be expressed by formula (5).
If kg j is a constant, the variables of e are only Ts 1 and Ts 2 .
Within the scope of oil flash point, the differences of the results calculated by formulas (3) and (4) are very small, just as shown in Fig. 2 . In other words, after mixing of the same kind of oil produced at different times, its blending capacity of mixing light component oil can be calculated by linear summing of these oils' previous blending capacities.
In the situation of light component oil blended with heavy contaminated oil, Li et al. (2011) have concluded that the dry point is the most sensitive item according to the experimental data fitting and sensitivity analysis. In other words, other items can still meet the requirements of the standard when the dry point is just higher than its allowable limit. Therefore, in the mixed proportional range, formula (6) denotes the linear relation between dry point and mixing proportion. Moreover, formula (7) can be used to calculate the blending capacity of light component oil per unit volume mixing with heavy component oil.
where Vd c;j denotes the blending capacity of light component oil c per unit volume mixing with contaminated oil j; kd j denotes the proportion of heavy component oil included in contaminated oil j; Tz c denotes the dry point of light component oil c; Tz denotes the highest dry point allowed by the standard; Tzm 1 , Tzm 2 denote the dry points of two same types of oil before blending. The blending capacity of light component oil, mixed by the same kind of oil produced at different times can be calculated by linear summing of the two previous oils' blending capacities from formulas (6) and (7).
Based on the analysis above, it is verified that the blending capacities of the same kind of oil can be added linearly. Besides, the blending capacity ratio regarding different sorts of contaminated oil of a certain kind of oil product should meet the condition:
Contaminated oil batch
The products, pumped in sequence at the initial station, will generate two different types of contaminated oil with the migration in the pipeline. The first one is caused by two kinds of oil with similar components. The other is caused by two kinds of oil with different components. The first kind of contaminated oil is usually neglected in actual production because it has little influence on physical properties of qualified oil. The intermediate stations usually cut the contaminated oil into two segments. In other words, the contaminated oil is cut at the middle position and offloaded into two qualified oil tanks respectively. As shown in Fig. 1 , intermediate oil depots and the terminal oil depot do not have contaminated oil tanks for MO3 because the components of ROP1 and ROP2 are similar. The two segments of MO3 are transported, respectively, into corresponding qualified oil tanks. Therefore, MO3 is not taken into consideration in the paper.
The second kind of contaminated oil is usually cut into four segments. As shown in Fig. 1, ROP2 and ROP3 have large differences. When contaminated oil is caused by ROP2 and ROP3, the beginning and the ending segments of contaminated oil are delivered into the qualified oil tank, and the other two segments are, respectively, delivered into two different contaminated oil tanks. The former part MO2 of the two intermediate segments includes more ROP3, while the latter part includes more ROP2. The volume of contaminated oil continuously increases with the migration of contaminated oil in the pipeline due to the influence of convection and diffusion. Meanwhile, due to the nonlinear growth of the volume of contaminated oil, the delivery plan for contaminated oil at one station may have effects on the oil volume and the arrival time at other stations, thereby affecting other stations' schedules. Moreover, the delivery plan for contaminated oil is related to the plan of blending and fractionation; thus, it also has effects on other stations' scheduling plans such as export and switch. As a result, considering the nonlinear volatility of the volume of contaminated oil in the pipeline, the entire scheduling of oil depots along products pipeline will form a unified entity with its sub-parts affecting each other, which makes the solution of scheduling plan much more complex. According to Austin et al. (1963) , formula (9) is mostly used to calculate the volume of contaminated oil. 
If the injection scheduling of the initial station and the delivery scheduling of other stations are known, the flow rate and oil type in each time window can be obtained, and Re iÀ1;km is known. Formula (9) is a nonlinear equation Lmd i;km ¼ f i;km ðLmc iÀ1;km Þ as shown in Fig. 3 . A nonlinear equation would add to the complexity of the optimal model. This paper comes up with a method of linearization in the following stages: the independent variable is divided into several sections, and at each section, the solution of all the independent variables is represented by the solution of the average value of the independent variable. In this way, the nonlinear equation can be converted into a sectional linear equation like stairs. As shown in Fig. 3 
Model requirements
The model is formulated as MILP and the optimization is executed using MATLAB R2014a. A detailed scheduling of oil depots along product pipeline can be obtained by solving the model. Given:
• Time horizon of studying.
• Basic information of pipeline and stations: pipeline information, station location, the count of oil tanks and contaminated oil tanks, inventory limits of oil tanks, the capacity of fractionation facilities, the initial storage and blending capacities of oil in tanks.
• Injection order and volume of oil in the initial station, the blending capacities of batches.
• Approximate scheduling of delivery: starting and ending time of delivery operations at oil depots, and delivery volume.
• Approximate scheduling of export: starting and ending time, oil type and volume of export operations.
• Approximate scheduling of maintenance: starting and ending time of oil tank's maintenance.
Determine:
• Detailed scheduling of delivery: the volume of delivered oil at oil tanks, the actual time and volume of delivering oil, the number of contaminated oil tanks.
• Detailed scheduling of export: the number of exporting oil tanks and the corresponding volume needed to be exported.
• Detailed scheduling of blend: the type of contaminated oil, the number of contaminated oil tanks and the volume of oil.
• Detailed scheduling of fractionation: the type of contaminated oil, operating time, the volume of contaminated oil, the number of contaminated oil tanks.
Objective: Minimize the total costs of delivery, export, blending, fractionation and tank switching operations of all the oil tanks during the study horizon to schedule the oil tanks' detailed operation under various operational and technical constraints.
In order to build and solve the model effectively, assumptions are made as follows: 3 Mathematical model
Time windows
The time nodes, usually fixed, of export and delivery at stations are given in the paper. However, considering the solution of the detailed scheduling plan, the way of just dividing time windows by fixed nodes cannot meet the model's requirement. The reason is that the approximate scheduling plan is different from a detailed scheduling plan which needs to determine the exact time nodes of each operation and the corresponding oil volume of each tank. So each operation at the oil depots must specify an object in each time window, and the starting and ending time of each time window must correspond with each operation. If the time windows were divided only by fixed time nodes, they would be too sparse to affect the solution. As shown in Fig. 4a , all the fixed time nodes are sorted by time order, and the space between two adjacent time nodes is a time window. Taking time window 6 as an example, according to scheduling requirements and operation constraints, product oil cannot be delivered into several tanks at one time, that is, the product oil can only be delivered into one oil tank during the entire time window. If time window 6 is long enough that the planned volume of oil is more than each oil tank's capacity, the model will have no solution due to its contradictory constraints.
To solve the issue above, in this paper we bring up a fixed-continuous mixed time expression. As illustrated in Fig. 4b , just like the method of dividing fixed time windows, all the time nodes are sorted by time order and several continuous time nodes are inserted into the space between fixed time nodes. Those continuous time nodes need to meet the requirements of the time order. In this way, the whole study horizon is divided into more time windows than that in previous studies. As shown in Fig. 4 , the time window 6, divided by fixed time expressions, is divided into three time windows, 10, 11 and 12, using fixed-continuous mixed time expressions. Therefore, the oil, which used to be delivered in time window 6, can be mostly delivered into three tanks, so the oil scheduling system is more flexible than that in previous studies.
Objective function
The objective of the model is to draw up a lowest cost scheduling plan while meeting each constraint. The cost of oil depots along a products pipeline mainly includes blending costs, fractionation costs and switching costs. The blending costs are related to the volume of oil need to be disposed of. The expression of the objective function is:
Vmh t i;j;gm;c;go 
Delivery constraints
If the binary variable denoting the delivery state of an oil tank is 0, the delivery volume is 0. Supposing M is a large constant. 
During the time when contaminated oil j is passing through the intermediate station i, the intermediate station i can choose to deliver contaminated oil j or not. In order to reduce the effect of delivering operations on the batch transportation, the ratio of the volume of contaminated oil need to be delivered and the volume of arriving oil in the period should be smaller than the allowable maximum value. 
Moreover, the delivering flow rate must be larger than the minimum flow rate. 
If contaminated oil j has not arrived at station i, it cannot be delivered at station i. X 
If station i is not delivering oil c, its binary variable denoting the state of oil tank's delivery is 0. 
According to the definition of a binary variable, only when the state binary variable of last moment and this moment are 0 and 1, respectively, can the operation binary variable of this moment be 1. Because the objective function is to obtain the minimal costs and is positively correlated with operation binary variables, the variable can be constrained only by determining its lower bound. 
During the delivering time at a station, the amount of delivery for all the tanks is equal to the total volume of oil arriving at the station in the corresponding period. 
Export constraints
Due to the constraints of export facilities, only one oil tank is allowed to export oil at a station at the same time. 
If the state binary variable of an oil tank is 0, its blending capacity of exporting oil is 0. 
During the time of export, the sum of the volume of export and blending operations in all time windows should be in the allowable range. 
The relationship between export operating binary variable and export state binary variable is similar to formula (19). 
Blending constraints
If the blending state binary variable of a contaminated oil tank is 0, the blending volume oil is 0. 
According to the processing requirements, a blending operation happens only when oil is exported to other stations. If there is no export operation, all oil tanks' state binary variables are 0. Smh t i;j;gm;c;go ¼ 0 8t 2 Ten i ; 8i 2 I; 8j 2 J; 8c 2 C; 8gm 2 Gm i;j ; 8go 2 Go i;c
During blending operations, the blending volume of contaminated oil should be less than its blending capacity. Moreover, the flow of blending operation should be more than the minimum flow rate. X 
The relationship of blending operation binary variable and blending state binary variable is similar to formula (19). 
Due to the constraints of blending devices, only one contaminated oil tank at a station is allowed to blend contaminated oil at a time. 
Fractionation constraints
If the fractioning state binary variable of a contaminated oil tank is 0, the volume of fractionation is 0. 
The volume of fractionating contaminated oil should be within the upper and lower bounds at any moment. 
The relationship of the fractionating operation binary variable and fractionating state binary variable is the same as formula (19). 
The fractionated oil should be pumped into the corresponding oil tank. The fractionated volume of all kinds of oil is related to the contaminated oil's previous volume, type and fractionation loss. 
If the fractionating recycle state binary variable of an oil tank is 0, its fractionating blending volume is 0. 
The relationship of a fractionating recycle operating binary variable and the fractionating blending state binary variable is the same as formula (19). Pet. Sci. (2017) 
If the switching state binary variable of a contaminated oil tank is 0, its blending capacity of exchanging to other oil tanks is 0. 
The relationship of switching operation binary variable and switching state binary variable is the same as formula (19). 
According to formula (19), the blending capacity ratio of exchanging oil blended with different kinds of contaminated oil is a constant. 
Oil tank and contaminated oil tank constraints
The current inventory of a contaminated oil tank is the sum of the accumulated oil of last moment, the contaminated oil delivered at this moment and the switching oil minus blended and fractionated oil. 
Without maintenance, the inventories of contaminated oil tanks are in the allowed range. 
The blending capacity of an oil tank is the sum of its blending capacity of last moment, delivery, recycle and switching oil's blending capacity during this period minus export oil's blending capacity. 
The inventory of an oil tank is the sum of its volume at the last moment, delivered and switched volume during this period minus the volume of export. 
Without maintenance, the blending capacity of oil stocked in oil tanks has certain limitation due to the inventory of oil tanks. 
The inventory of oil tanks, the volume of switch and export operation should be in a range of volume. 
There should be a certain ratio between the inventory of oil tanks and the blending capacity of oil tanks. No oil tank is allowed to do delivery, export, switch, blending and fractionation operations simultaneously at the same time. 
Contaminated oil batch constraints
After linearizing Austin's formula, the length of contaminated oil of each batch when arriving at stations can be denoted as follows:
Cm i;km;p x i;km;p 8i 2 I; 8km 2 KM i ; 8p 2 P
The length of contaminated oil when it leaves the station is equal to its arriving length minus the delivering volume divided by pipeline cross-sectional area. All contaminated oil should be delivered to the terminal oil depot.
Vmd t i;j;gm pd 2 i 8t 2 Tdy i;j;km ; 8i 2 I; 8j 2 J; 8km 2 KM i ð73Þ
Arriving and leaving time of mixed oil at one station can be modified by the calculated length of contaminated oil.
When cutting the contaminated oil into four segments, the time of the former contaminated oil batch leaving the Pet. Sci. (2017) 14:434-458 447 station is equal to the time of the latter arriving, and is also equal to the average time of the sum of contaminated oil batches in and out. 
Time node constraints
The following time nodes cannot be sorted earlier than the time nodes in the front, while the time nodes in the front cannot be sorted later than the time node behind.
All time nodes, such as the starting and ending time of delivery, export, maintenance and study horizon, the arriving time of contaminated oil batch, are regarded as the model's time nodes. Because the fixed time nodes are given as model's known parameters, the sorting order of time nodes are also the model's known parameters sorted by fixed-continuous time expression. Taking ks t and kh t as internal variables, their expressions and constrains are shown as follows:
hmd i;j;km;t smd i;j;km þ hmc i;j;km;t smc i;j;km À Á þ hsb t sb þ hsn t sn
8i 2 I; 8j 2 J; 8kd 2 KD i ; 8kt 2 KT i ; 8ks 2 KS i ; 8km 2 KM i ð79Þ kh t 1 8t 2 T ð80Þ
4 Results and discussion
Example 1
Provided that there is a single delivery station, the model will be simplified as a depot scheduling model. The model is solved by MATLAB 2014b solver with Intel Core i7-4770k (3.50 GHz) hardware. There is a transit depot, which can respectively stock 0# diesel (0#D), 93# gasoline (93#G) and 97# gasoline (97#G), as well as include oil tanks for high diesel-cut contaminated oil (DMO) and high gasoline-cut contaminated oil (GMO). The basic parameters of each oil tank are shown in Table 1 . And the physical properties of each batch of oil are shown in Table 2 .
In this paper, the MILP model is established for the transit depot. The studying horizon is 243 h. There are a total of six times for oil delivery and export. The scheduling scheme of delivery and export are shown in Tables 3 and 4 .
In this paper, the cost of oil and contaminated oil tank's operation is 100 CNY per unit, and the cost of fractionating contaminated oil is 10 CNY/m 3 . Because blending contaminated oil can increase the benefits of enterprise, the cost of contaminated oil is -1 CNY/m 3 . According to the method in the paper, a MILP model is established to solve the oil transit depot scheduling issue and the results are shown in Table 5 .
According to Tables 3 and 4 , the model is established to solve the detailed scheduling scheme. With the prerequisite that the scheduling of delivery and export and the tank inventory are met, oil can be delivered (or exported) into (or from) specific tanks in turn and switching frequency of tanks can be reduced as much as possible. The contaminated oil delivered is going into back tail treatment. The detailed scheduling scheme of oil tanks obtained by the model is shown in Fig. 5 , and the detailed scheduling scheme of contaminated oil tanks is shown in Fig. 6. Figures 5 and 6 illustrate that the oil tank scheduling can fully meet the needs of the entire system. During the period of export, the volume sum of exporting oil and blending contaminated oil is equal to the export demand.
The inventory of each oil tank varies with time as shown in Fig. 7 , and the inventory variation of contaminated oil tanks with time is shown in Fig. 8 . The results indicate that if every time the oil delivery (or export) into (or from) tanks for only once is guaranteed, both the operating cost and oil evaporation loss will be cut down. However, the large amount of the second delivery of diesel leads to the need for two diesel tanks. GMO and DMO should go to back tail as far as possible before oil is to be exported every time. Therefore, at the moment when the scheduling ends, the tank level of each contaminated oil tank is below the lower limit.
Example 2
In this section, a real-world case of a depot system in China is given and its mathematic model is established according to the proposed MILP formulation. The model is solved by MATLAB 2014b solver on a computer with Intel Core i7-4770k (3.50 GHz) hardware.
There are 3 oil depots (1#OD, 2#OD and 3#OD) along the products pipeline, which can respectively stock 0# diesel (0#D), 93# gasoline (93#G) and 97# gasoline (97#G). The basic parameters are shown in Table 6 . In the whole system, only a contaminated oil fractionation equipment with 20 m 3 /h processing capacity is settled at 3#OD. Before optimization, a large amount of contaminated oil is transported to 3#OD, for the scheduling concern of 1#OD and 2#OD. When a lot of contaminated oil cannot be blended with export operation at 3#OD, it is necessary to fractionate contaminated oil by fractionation equipment, which increases the production costs.
In this paper, the MILP model is established for this oil depot system. The studying horizon is 175 h. 0#D(2#) and 93#G(2#) in 3#OD, respectively, need to be repaired during 25.5-69.4 and 120.1-165.9 h. The approximate delivery scheduling plan is shown in Fig. 9 . There are five batches (B1, B2, B3, B4 and B5), and the physical properties of each batch of oil are shown in Table 7 . Each oil depot needs to accept a specific volume of delivered oil at the specified time according to the scheduling plan. Moreover, oil depots need to export oil in the specified time according to the demand of down-stream markets. The scheduling plan of export is also shown in Fig. 9 . In this paper, the cost of oil and contaminated oil tank's operation is 100 CNY per unit, and the cost of fractionating contaminated oil is 10 CNY/m 3 . Because blending contaminated oil can increase the benefits of enterprise, the cost of contaminated oil is -1 CNY/m 3 . According to the method in the paper, a MILP model is established to solve the oil depot system scheduling issue and the results are shown in Table 8 .
The detailed scheduling plan of oil tanks is shown in Fig. 10 , and the detailed scheduling plan of contaminated oil tanks is shown in Fig. 11 . Figures 10 and 11 show that the oil tank scheduling can fully meet the needs of the entire system. During the period of export, the volume sum of exporting oil and blending contaminated oil is equal to the export demand. For example, the volume of 0#D needed to be exported in 1#OD is 9200 m 3 during 43.1-52.4 h. The corresponding result after optimization is that 0#D(2#) exports 9105 m 3 oil and DMO(1#) is blended with 95 m 3 high diesel-cut contaminated oil. At the same time, the model takes the tank's maintenance into consideration. Before the maintenance of 0#D(2#) and 93#G(2#) in 3#OD, the oil in them are switched into other oil tanks with the same kind of oil. During 92.4-116.6 h, 1#OD is required to delivery 93# gasoline oil of 11,234 m 3 . Due to the upper limit of 10,000 m 3 , there should be two oil tanks for receiving oil in turn and 1#OD should take first. When it comes to 110 h, 1#OD is required to export 93# gasoline oil of 8724 m 3 . Since the model aims to minimize the switching times of tanks and only 1#OD inventory can satisfy the export requirement, 1#OD should start to export instead of receiving oil, while 2#OD should start to receive oil.
The inventory of each oil tank varies with time as shown in Fig. 12 . Considering the limit of inventory, some operating plan should be divided into several periods, for 97#G during 150.3-165.9 h and the results are divided into 3 periods. Firstly, during 150.3-160.1 h, 2784 m 3 oil is delivered into 97#G(1#). Secondly, after this period, the station needs to export 97#G. However, the capacity of 97#G(1#) is low so it is necessary to stop delivering oil into 97#G(1#) and to start exporting 97#G. Therefore, the oil is delivered into 97#G(2#). Thirdly, 97#G(1#) reaches the lower bound at 165.1 h, so it is necessary to stop exporting oil from 97#G(1#) and to start delivering oil. Finally, 97#G(2#) takes export operation.
The inventory variation of contaminated oil tanks with time is shown in Fig. 13 . The volume variation of two contaminated-oil batches in the pipeline is shown as Fig. 14. It can be seen that, although the initial inventory of the tank is relatively high, using only the blending operation can better balance the contaminated oil to avoid the fractionation operation, thereby reducing the operating costs.
In the light of the above results, it is general to finish the valve opening operation only once when oil delivery and export are performed every time. Since DMO can be easily contaminated by diesel oil, it should be treated with back tail for the sake of satisfying the inventory constraints of contaminated oil tanks. Similarly, so does gasoline oil when exported. But for some special cases such as 97# gasoline oil flowing into 3#OD, it is necessary to operate two tanks simultaneously because the scheduling time overlaps and both the gasoline oil tanks are 5000 m 3 . When delivery starts, the 1#OD should be first opened and then the 2#OD; and when it turns to the 2#OD, the 1#OD should carry out export. In the light of 3#OD as the terminal depot, thus, it required to blend some DMO so as to ensure contaminated tanks can once receive DMO from B5 batch for once. When the 1#OD inventory comes up to the lower limit, the 2#OD is blended with GMO for export. It is seen from the Austin formula that the contaminated oil volume will come be the lowest in a scheduling scheme if there is no contaminated oil delivery. A large amount of contaminated oil needs to be delivered in 3#OD at the terminal station, yet there is not enough space for DMO delivered last time which remains unprocessed, leading to some DMO should be shared at intermediate stations. 
Conclusion
The paper puts forward a new view of oil blending capacity and verifies the linear relationship of mixing oil concentration and oil blending capacity. The paper also presents a new method for detailed scheduling of oil depots along a product pipeline based on a MILP model. The model established in this paper considers the issues such as differences of oil physical properties, the growth of contaminated-oil batches, the type of contaminated oil and the different operation modes in oil depots and those issues make the formulation more practicable but more complex. The model, aiming at solving the minimum cost scheduling of oil depots system, takes the cost of blending and fractionation as well as the operation of oil and contaminated oil tanks into consideration. The MILP model, considering the constraints of delivery, export, blending, fractionation, maintenance, switching, oil and contaminated oil tank, This method is successfully applied to a Chinese actual oil depot system, which includes three oil depots. All of them can deliver and export 0# diesel, 93# and 97# gasoline. There are, respectively, 7 oil tanks in 1# and 2# oil depot, and 10 oil tanks in 3# oil depot. By solving the model, a 175 h detailed scheduling plan is given. Moreover, the contaminated oil is properly dealt with in real time by blending operations, so the plan effectively avoids the accumulation of contaminated oil in 3# oil depot, which increases the profits of oil depots. At the same time, there is no need to make fractionation operation which saves a lot of costs. As a result, the model is feasible and effective.
Product pipeline scheduling plans are closely related to the oil depots along the pipeline. The paper takes batch migration as a known condition and only focuses on oil depots scheduling plan. In the future, the authors intend to do more research on an entire optimization of batch migration and oil depot scheduling plans. When establishing the optimization model, the contaminated plug in pipelines is regarded as a contamination interface. While in the real pipeline operation, the contaminated plug will influence the time of batches arriving at stations, resulting in lower accuracy of scheduling schemes. Thus the further research should take the contaminated plug into consideration. Moreover, the following points should be paid attention during oil delivery and export:
• Minimize the volume fluctuation when oil tanks receive and export oil.
• Switching operation should better happen in the daytime.
• Avoid start or stop pumps during the peak period of electricity consumption as much as possible.
In this way, there will be further development to improve the model if the listed factors above are taken into account.
